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Abstract
Mitochondria contain a sophisticated system for transporting Ca2. The existence of a uniporter and of both Na-
dependent and -independent efflux mechanisms has been known for years. Recently, a new mechanism, called the RaM,
which seems adapted for sequestering Ca2 from physiological transients or pulses has been discovered. The RaM shows a
conductivity at the beginning of a Ca2 pulse that is much higher than the conductivity of the uniporter. This conductivity
decreases very rapidly following the increase in [Ca2] outside the mitochondria. This decrease in the Ca2 conductivity of
the RaM is associated with binding of Ca2 to an external regulatory site. When liver mitochondria are exposed to a
sequence of pulses, uptake of labeled Ca2 via the RaM appears additive between pulses. Ruthenium red inhibits the RaM in
liver mitochondria but much larger amounts are required than for inhibition of the mitochondrial Ca2 uniporter. Spermine,
ATP and GTP increase Ca2 uptake via the RaM. Maximum uptake via the RaM from a single Ca2 pulse in the
physiological range has been observed to be approximately 7 nmole/mg protein, suggesting that Ca2 uptake via the RaM
and uniporter from physiological pulses may be sufficient to activate the Ca2-sensitive metabolic reactions in the
mitochondrial matrix which increase the rate of ATP production. RaM-mediated Ca2 uptake has also been observed in
heart mitochondria.
Evidence for Ca2 uptake into the mitochondria in a variety of tissues described in the literature is reviewed for evidence of
participation of the RaM in this uptake. Possible ways in which the differences in transport via the RaM and the uniporter
may be used to differentiate between metabolic and apoptotic signaling are discussed. ß 1998 Elsevier Science B.V. All
rights reserved.
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1. Introduction
The mitochondria of higher animals contain a so-
phisticated system for sequestering and controlling
Ca2. While we have known of the mitochondrial
Ca2 uniporter [11,62] and of both Na-dependent
[19] and Na-independent [54] e¥ux mechanisms
since the 1970’s, the physiological role of these mech-
anisms is still speculative. Suggested roles have
ranged from modulation of Ca2-sensitive metabolic
reactions in the mitochondrial matrix [6,20,32,38], to
modulation of cytosolic Ca2 transients or pulses
[43], and a role in induction of apoptosis through
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induction of the mitochondrial permeability transi-
tion [44,64].
The uniporter is a cooperative mechanism for
which binding of Ca2 to an activation site in-
creases the rate of uptake of Ca2 bound to the
transport site [69]. Related ions are also transport-
ed via the uniporter with the selectivity series
Ca2sSr2sMn2sBa2s lanthanides [21,68].
Other ions such as Pr3 may also serve as activator
ions [68]. The Hill coe⁄cient for Ca2 uptake via the
uniporter is near 2 so that the concentration depend-
ence of uptake is described by a second order Hill
equation [28,33]. The membrane potential depend-
ence is described by the function
evB=2vB=2=sinhvB=2;
where vB= zFv8/RT, which can be obtained from
the same assumptions necessary for the derivation of
the Goldman £ux equation [29,30,73]. This strongly
supports the identi¢cation of this mechanism as a
uniporter. The uniporter is strongly inhibited by
the polycation ruthenium red [60].
The Na-dependent e¥ux mechanism is second
order in Na and ¢rst order in Ca2 [17,75]. Never-
theless the transport stoichiometry is probably great-
er than two Na for one Ca2 [7]. This mechanism
transports Sr2 [16,17], but not Mn2 [24,25] in place
of Ca2 and Li in place of Na [15]. There are a
number of inhibitors of this Na-dependent e¥ux
mechanism, but diltiazem [13,55] and tetraphenyl-
phosphonium [75] are probably the most widely
used. The Na-dependent mechanism is the more
prominent Ca2 e¥ux mechanism in heart and brain
mitochondria while the Na-independent e¥ux
mechanism is more prominent in liver and kidney
mitochondria [28,33].
The Na-independent Ca2 e¥ux mechanism of
liver mitochondria behaves kinetically as a second
order nonessential activation mechanism or an
Adair-Pauling mechanism [74]. It transports both
Sr2 [36] and Mn2 [31,54] a little more slowly
than Ca2. This mechanism is nonelectrogenic and
may exchange Ca2 for two H ions; however, it
has been shown to transport Ca2 outward against
a concentration gradient greater than that against
which a simple passive Ca2/2H exchanger could
transport Ca2. This mechanism must receive energy
from a source other than the calcium and proton ion
gradients; hence it is most likely an active Ca2/2H
exchanger [29]. The detailed properties of each of
these mechanisms are described in earlier reviews
[28,33].
2. Estimation of mitochondrial Ca2+ uptake via the
uniporter from physiological transients or pulses
Since kinetic studies for these mechanisms in liver
and heart are available in the literature [17,18,33,73^
75], it is possible to estimate the response of the
uniporter and the e¥ux mechanisms to physiological
Ca2 transients or pulses. To do this, we will use
liver as a model system and conceptually expose liver
mitochondria to a set of Ca2 pulses like those ob-
served in liver following exposure of the tissue to
catecholamines, vasopressin or angiotensin. These
Ca2 pulses represent the only exposure of mitochon-
dria in the cell’s cytosol to [Ca2] greater than
around 100 nM under physiological conditions. In
liver, four to eight Ca2 pulses may follow exposure
of the cells to an agonist. The intensities of Ca2
transients range from about 500 nM to over 1000
nM, the duration from around 7 to 15 s and the
period from 20 s to 2 min [14,32]. For our estimate,
let’s choose pulses of 750 nM intensity, 10 s duration
and 40 s period. The data shown in Fig. 3 of Gunter
and Pfei¡er [33,73] can be used to estimate in£ux
from pulses of this type. These data indicate that at
a concentration of 750 nM about 6.8 nmoles of
Ca2/mg protein would be taken up via the uniporter
under steady state conditions. However, the uniport-
er is a cooperative mechanism in which Ca2 binding
to an activation site increases the rate of transport. If
basal [Ca2] is near 100 nM prior to the pulse, this
activation site would be unoccupied, uptake via the
uniporter would not be activated, and the rate of
uptake would be considerably less than 6.8 nmoles/
mg protein.
We can estimate what the unactivated rate of mi-
tochondrial Ca2 uptake for the uniporter at 750 nM
[Ca2] would be by ¢tting a smooth curve through
the data given in this same ¢gure at 150 mV mem-
brane potential (a commonly used value) and extra-
polating the initial slope of the ¢t equation to 750 nM
[Ca2]. Doing this leads to a rate of around 2.5
nmoles/mgcmin for the rate of uptake via the unac-
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tivated uniporter functioning at 150 mV membrane
potential where external [Ca2] is 750 nM. Total up-
take at this rate for 10 s would be 0.42 nmoles/mg
protein. During the forty second period of the pulses,
Ca2 would e¥ux the mitochondria via the e¥ux
mechanisms. If the mitochondria contained about
4 nmoles of Ca2 per mg protein, about 0.08 nmole
per mg would e¥ux via the Na-independent mech-
anism during that time [74]. This would mean that a
net of 0.34 nmoles of Ca2 per mg protein would
enter during each 10 s pulse under these conditions.
During ¢ve pulses of this type approximately 1.7
nmoles Ca2 per mg protein could enter the mito-
chondria in this way. This increase in matrix Ca2
would decrease in minutes following the pulse se-
quence. While the assumptions that we have made
have not been the most ideal for uptake, that has
been at least partially compensated by other assump-
tions such as that the shape of the pulses is ‘square
wave’. Physiological pulses are more sharply peaked
and the time spent at the highest levels of [Ca2] is
signi¢cantly shorter.
This value of 1.7 nmoles/mg protein should be
compared with the value found by McCormack to
give signi¢cant activation of some of the intramito-
chondrial Ca2-sensitive metabolic steps of around
4 nmoles/mg protein. Clearly, in liver the ability
of the uniporter to sequester enough Ca2 from
physiological-type Ca2 pulses to modulate events
within the matrix is marginal. While it could cer-
tainly play a role in this function, additional Ca2
uptake would be necessary for strong stimulation of
most Ca2-sensitive reactions in the matrix.
In some types of tissue, where Ca2 pulses are
longer or where the mitochondria are located near
intracellular Ca2 stores (see below), the uniporter
alone may be able to sequester su⁄cient Ca2 to
modulate the Ca2-sensitive reactions. In heart,
where pulses are more frequent than in liver but
much shorter and Na-dependent e¥ux is between
10 and 20 times faster than e¥ux in liver, the uni-
porter alone is clearly inadequate for the role of se-
questering enough Ca2 from physiological pulses to
modulate the Ca2-sensitive matrix reactions in
Fig. 1. Ca uptake vs. pulse width as a function of pulse height for rat liver mitochondria. Pulses were made using 2.5 mM EGTA
and 2.7 mM 45CaCl2 bu¡ered with HEDTA to a free calcium in the pulse media of 1 WM. Unless otherwise noted all experiments
were run in HEPES-bu¡ered 150 mM KCl (pH 7.2) with 5 mM K-succinate present with mitochondria at a concentration of 0.5 mg/
ml. The pulse heights are as follows: E, 474 þ 14 nM with ruthenium red, b, 165 þ 12 nM, F, 307 þ 7 nM, 8, 408 þ 8 nM, R, 567 þ 8
nM, S, 719 þ 2 nM, and a, 877 þ 9 nM. Error bars are one standard deviation. All experiments follow this same protocol unless de-
scribed otherwise. Note that we do not directly know the rate of the RaM uptake data and therefore discuss the RaM as total RaM
uptake following a speci¢c protocol. The RaM data thereafter don’t have the appearance of similar plots made for the uniporter, for
example, because total uptake is used in plotting the RaM data and uptake rate in plotting the uniporter data.
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heart. These considerations suggest that if intramito-
chondrial Ca2 plays a role in control of metabolic
processes, another Ca2 transport mechanism, which
sequesters Ca2 from physiological pulses more e⁄-
ciently, may function in some types of mitochondria.
3. Mitochondrial Ca2+ uptake via the RaM
In order to study mitochondrial Ca2 uptake from
pulses like those seen in vivo, we constructed a device
for generating physiological-type Ca2 pulses within
a cylindrical cuvette. Injection of bu¡ered Ca2 and
Ca2 chelator are controlled by a computer through
an automatic pipettor [65]. By using EGTA or BAP-
TA to control the [Ca2] of the pulses, pulse inten-
sities between 100 and 1000 nM can be generated.
The pulses can be as long as desired and as short as
0.25 s in duration; the shape can be essentially as
desired. Over seven pulses in a sequence can be gen-
erated. By using this device to control the exposure
of isolated mitochondria to Ca2 and by using a dual
label technique to measure the transported Ca2, un-
precedented accuracy in measuring small amounts of
mitochondrial Ca2 uptake can be achieved.
When the ¢rst plots of data at constant Ca2 pulse
intensity ([Ca2]) showing Ca2 uptake into liver mi-
tochondria versus the duration of physiological-type
Ca2 pulses were made using this device, two things
were clear, as shown in Fig. 1. First, the slope of a
line ¢t through the data corresponded well with past
measurements of rate of uptake via the uniporter, as
might be expected. Second, an extrapolation of this
line to zero pulse duration always intersected the
ordinate at a point signi¢cantly above zero. Concep-
tually, this apparent ‘rapid uptake’ could be due to
binding of Ca2 to the mitochondria, rapid exchange
of unlabeled internal Ca2 for labeled external Ca2
from the Ca2 pulse, or rapid net uptake. Since the
pulses were terminated by injection of EGTA or
BAPTA, binding didn’t seem likely. We found that
ruthenium red, a potent inhibitor of the uniporter,
also inhibited this apparent ‘rapid uptake’. So as a
control experiment, we added ruthenium red at the
end of the pulse and then £ooded the suspension
with over 100 times as much unlabeled Ca2 as the
labeled Ca2 used during the pulse. When the mito-
chondria were separated from the medium of the
suspension, the same amount of labeled Ca2 parti-
tioned with the mitochondria as had done so without
the cold chase. These results ruled out binding as an
explanation for the apparent rapid uptake.
This apparent rapid uptake wasn’t a¡ected by de-
pleting the mitochondria of Ca2 prior to the uptake
experiment [74]. Prior to depletion, the mitochondria
contained about 8 to 10 nmoles Ca2 per mg protein
of unlabeled Ca2, while following depletion, they
contained 1 to 2 nmoles Ca2 per mg protein. These
data then strongly argued against rapid exchange as
the explanation for the apparent rapid uptake. In
order to provide a more de¢nitive test of rapid ex-
change, we ¢rst loaded the mitochondria with 20 to
30 nmoles of labeled Ca2 per mg protein and then
depleted the intramitochondrial Ca2 leaving about
1 to 2 nmoles of labeled Ca2 per mg protein inside.
Under these conditions, we could subtract the initial
labeled Ca2 from that which partitioned with the
mitochondria after Ca2 uptake during the pulse.
The net amount of labeled Ca2 sequestered during
the pulse was still consistent with what we observed
as rapid uptake. These control experiments strongly
argued that this rapid uptake was net Ca2 uptake
and therefore that some mechanism mediated very
rapid Ca2 uptake at the beginning of our pulses.
We did not know whether the transport complex
that mediated this rapid uptake was the same as
that which mediated uptake via the uniporter func-
tioning in a di¡erent, higher conductivity mode.
Consequently, we referred to the mechanism me-
diating this rapid uptake as the ‘RaM’ for ‘rapid
mode’.
These data evoked a number of questions whose
answers would help clarify the function and role of
the RaM: (1) How long did the RaM’s period of
high conductivity last? (2) What caused the high
conductivity of the RaM to decrease? (3) Did the
RaM function to transport Ca2 at the beginning
of every pulse in a pulse sequence or just at the
beginning of the ¢rst pulse? (4) Does any endoge-
nous species activate or inhibit the RaM? (5) What
is the largest amount of Ca2 which can be taken up
from a single pulse via the RaM? (6) Is RaM uptake
mediated by the same transport complex which me-
diates uptake via the uniporter operating in a di¡er-
ent mode?
In an e¡ort to determine the duration of the
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RaM’s period of high conductivity, the pulse gener-
ating system was optimized so that it could be used
to produce trapezoidal-shaped pulses between 0.2
and 0.3 s in duration. By this time, RaM uptake
already appeared complete, indicating that 0.2 s
can be considered an upper limit on the duration
of the period of high RaM conductivity in liver mi-
tochondria. During this brief period of RaM conduc-
tivity, uptake via the RaM is over two orders of
magnitude faster than uptake via the uniporter for
the same period under similar conditions.
Questions (2) and (3) above are related in the sense
that the change that causes RaM conductivity to
decrease is likely to be that brought about by the
Ca2 pulse itself, i.e. the [Ca2] goes up. So question
(3) could be rephrased ‘Does the fall in [Ca2] at the
end of a pulse cause the RaM conductivity to in-
crease again?’. In order to investigate this we carried
out experiments using two pulses of the same ‘height’
or [Ca2]. In one of these experiments, [Ca2] was
initially at around 100 nM. During the pulse phase
of the experiment, the [Ca2] was brought up to
around 430 nM for the ¢rst 5 s pulse, down to the
initial [Ca2] for a variable period of time, back to
around 430 nM for 5 s for the second pulse, and then
back to the initial value of 100 nM. The length of the
interval between the pulses was varied during these
experiments from 10 s down to less than 1 s. Uptake
from a single 5 s pulse of 430 nM was subtracted
from uptake from the two pulses to give uptake dur-
ing the second pulse. Uptake during the second pulse
was found to be as large as that during the ¢rst pulse
in the shortest interval between pulses that we could
make. This shows that high RaM conductivity ap-
pears again following the fall in [Ca2]. Next, using a
constant interval of 1 s between pulses, the [Ca2]
during the interpulse period was varied. It was found
that this [Ca2] had to fall to the range 100 to 200
nM before the uptake during the second pulse was as
large as uptake during the ¢rst pulse. These data
suggested that it was external [Ca2] that controlled
the conductivity of the RaM. When that [Ca2] in-
creased signi¢cantly above the 100 nM initial concen-
tration, RaM conductivity fell. When the [Ca2]
dropped to a level near 100 nM, RaM conductivity
increased again. In this sense, the RaM is ‘reset’ by
the fall in [Ca2] between pulses. These data pro-
vided the ¢rst evidence for an external Ca2 binding
Fig. 2. Calcium uptake by multiple pulses vs. a single long pulse for rat liver mitochondria. The average height of the pulses is
427 þ 34 nM. Uptake from a single pulse (b) is compared to uptake from multiple pulses (F) which are 5 s long separated by 2 s in-
terpulse periods where [Ca2] is dropped to around 80 to 90 nM. Error bars represent one standard deviation. (Reprinted with per-
mission from J. Biol. Chem.)
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site with a Kd between 100 and 200 nM which
‘closes’ the RaM.
These data would suggest that uptake via the RaM
into liver mitochondria is additive pulse by pulse.
That is veri¢ed by the data shown in Fig. 2. An
essential e¡ect of the RaM is that intramitochondrial
Ca2 increases faster if the Ca2 is delivered in a
series of separate pulses than if the mitochondria
are exposed to the same concentration of Ca2 as a
single long pulse having the same total duration as
the series. This suggests that a function of the RaM
is sequestration of Ca2 from physiological pulses.
The e¡ects of endogenous activators or inhibitors
of the RaM could be helpful in determining the phys-
Fig. 4. Mg2 titration of calcium uptake. The average height of the pulses is 461 þ 20 nM. The b data are calcium uptake via RaM
and the F data are calcium uptake rate via uniporter. Error bars represent 95% con¢dence limits.
Fig. 3. Spermine titration of calcium uptake for rat liver mitochondria. The average height of the pulses is 910 nM. The b data are
calcium uptake via RaM and the F data are calcium uptake rate via uniporter. Error bars represent 95% con¢dence limits. Note that
the RaM data are not plotted as kinetic data are normally plotted using rate of transport, since we don’t know the rate. (Reprinted
with permission from J. Biol. Chem.)
BBABIO 44661 28-7-98
T.E. Gunter et al. / Biochimica et Biophysica Acta 1366 (1998) 5^1510
iological role of the RaM. Since the uniporter also
mediates Ca2 uptake into mitochondria, the uni-
porter and the RaM may have activators or inhib-
itors in common. Fig. 3 shows a plot of spermine
e¡ects on the uniporter and on the RaM vs. spermine
concentration. Endogenous levels of spermine in liver
cells are around 1 mM and have been suggested to be
under hormonal control [52]. One mM spermine
causes a two-fold increase in uniporter rate while
under similar conditions, it causes a six-fold increase
in uptake via the RaM.
As shown in Fig. 4, Mg2 causes little inhibition of
uptake via the RaM, while it signi¢cantly inhibits
in£ux via the uniporter. While ruthenium red is not
an endogenous inhibitor, it is a powerful inhibitor of
uptake via the uniporter. As can be seen in Fig. 5,
ruthenium red also inhibits the RaM, however, over
ten times more ruthenium red is required to com-
pletely inhibit the RaM as to completely inhibit the
uniporter.
The maximum uptake by liver mitochondria ob-
served from a single pulse via the RaM is about
7 nmoles/mg protein from a pulse 600 nM in inten-
sity and 5 s in duration in the presence of 1 mM
spermine and 1 mM ATP. This is above 4 nmoles/
mg protein, the level found to activate intramito-
chondrial metabolic pathways [39,46].
The RaM has also been found in heart mitochon-
dria [8,9]. Curiously, the pattern of inhibition of the
RaM in heart mitochondria di¡ers considerably from
that in liver mitochondria. This suggests that the
function of the RaM may be quite di¡erent in these
two types of tissue. Recent evidence suggests that the
RaM also exists in brain mitochondria.
4. Evidence for signi¢cant mitochondrial Ca2+ uptake
at the isolated cell level
A number of studies at the isolated cell level have
suggested that intracellular mitochondria may se-
quester more Ca2 than would be expected through
the uniporter following activation of the cell. The
amounts of Ca2 sequestered are generally su⁄cient
to activate important steps within the metabolic
pathways. Miyata et al. [48] used the paramagnetic
quenching agent Mn2 to quench the £uorescence of
the Ca2 probe, Indo-1, from the cytosol of cardiac
myocytes while leaving intramitochondrial Indo-1
unquenched. The mitochondria within these myo-
cytes were observed to sequester Ca2 from typical
Ca2 pulses, as indicated by an increase in intrami-
tochondrial [Ca2] with beat frequency.
Schreur et al. [63], Gri⁄ths et al. [26] and Trollin-
Fig. 5. Ruthenium red titration of calcium uptake for rat liver mitochondria. The average height of the pulses is 534 þ 31 nM. The b
data are calcium uptake via RaM and the F data are calcium uptake rate via uniporter. Error bars represent 95% con¢dence limits.
(Reprinted with permission from J. Biol. Chem.)
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ger et al. [67] also working with isolated heart cells
also found large amounts of Ca2 uptake by the
mitochondria within their cells. Scheur et al. [63]
provided further evidence supporting the use of the
Mn2 quench technique for this type of measure-
ment, while Trollinger et al. [67] used an independent
technique which does not rely on Mn2 being in the
proper compartments. The results of Trollinger et al.
[67] showed rapid increases and decreases of [Ca2]m
within heart myocytes as might be expected from
uptake via RaM followed by either rapid e¥ux or
rapid binding. Gri⁄ths et al. [26] also showed that
an increase in [Ca2]m led to an increase in NADH
£uorescence. Furthermore, Altschuld et al. [2], work-
ing with cardiomyocytes, not only showed that Ca2
uptake into mitochondria was signi¢cant, but also
that it was doubled by treatment of the cells with
cyclosporin A, a potent inhibitor of the mitochon-
drial permeability transition.
Rizzuto et al. [56^58] constructed a vector coding
for a fusion protein which contained a leader se-
quence from the cDNA of subunit VIII of human
cytochrome oxidase and was followed, in frame, with
that for the bioluminescent Ca2 indicator aequorin.
With this they were able to express aequorin exclu-
sively within the mitochondria of bovine endothelial
cells. Activation of the P2Y receptor by ATP caused a
cytosolic Ca2 pulse (measured by Indo-1) of about
500 nM in intensity and about 10 s in length fol-
lowed by an increase in [Ca2]m to around 5 WM.
Even if these measurements of intramitochondrial
[Ca2] were overestimated by a factor of 2 or 3,
there would still be plenty of Ca2 within these mi-
tochondria to activate the Ca2-sensitive metabolic
steps.
Using similar techniques, these authors and addi-
tional co-workers have also shown large amounts of
Ca2 uptake into the mitochondria of several other
types of cells including endothelial cells [45] and Chi-
nese hamster ovary cells [61]. In this latter case, an
increase in pyruvate dehydrogenase activity was also
shown to be caused by the increased Ca2 [61].
A number of other publications have established
that mitochondrial uptake of Ca2 from physiologi-
cal pulses is substantially larger in many types of
tissue than estimates based on the kinetics of the
uniporter and of the e¥ux mechanisms would sug-
gest, and in some cases that this increased intrami-
tochondrial [Ca2] was shown to result in activation
of one or more steps of the metabolic pathways.
Work at the perfused liver level had already demon-
strated that vasopressin caused increases in intrami-
tochondrial Ca2 and that synergistic e¡ects of glu-
cagon and vasopressin increased this mitochondrial
Ca2 uptake quite signi¢cantly [1,3,10]. Then, Haj-
noczky et al. [37] veri¢ed this vasopressin-induced
uptake using the £uorescent, mitochondria-seeking
indicator rhod-2. They also used NADH £uorescence
and the £uorescence of an endogenous chromophore
coupled to FADH2 to show that this increase in
mitochondrial [Ca2] leads to an increased rate of
production of NADH and FADH2, presumably by
stimulation of PDH, K-KGDH, and ICDH. This
represents direct evidence that su⁄cient Ca2 is se-
questered from Ca2 pulses by these cells in order for
intramitochondrial [Ca2] to serve as a metabolic
mediator.
Jouaville et al. [42,43] not only found that mito-
chondria rapidly sequester signi¢cant amounts of
Ca2 from cytosolic pulses as had other workers
[23,71], but also provided evidence for an additional
role for this mitochondrial function. Working with
Xenopus oocytes, in which Ca2 waves can be clearly
visualized, this work provided evidence for rapid mi-
tochondrial uptake of Ca2 from Ca2 waves, and
also for a mitochondrial role in amplifying these
waves. Their results imply rapid uptake and release
of signi¢cant amounts of Ca2 by mitochondria in
this system. In addition, their observation in Ehrlich
ascites tumor cells that the rapid release is inhibitable
by cyclosporin A and PSC 833 also implies involve-
ment of the mitochondrial permeability pore in this
release process [42].
Drummond and Fay [22] used both £uorescent
indicator (fura-2) and patch clamp techniques to
show evidence for mitochondrial modulation of the
cytosolic Ca2 pulses obtained through depolariza-
tion of smooth muscle cells. Their observations could
only be accounted for by substantial mitochondrial
uptake of the Ca2 within these pulses and subse-
quent mitochondrial e¡ects on pulse shape. They
found major changes in the rates of Ca2 extrusion
from the cell caused by various mitochondrial inhib-
itors which could not be explained by e¡ects on
[ATP].
Hille’s group [4,40,51] also used a combination of
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patch clamp and £uorescent indicator (Indo-1, rhod-
2, and calcium green) techniques to show that not
only did mitochondria sequester considerable Ca2
from depolarization-induced Ca2 transients but
also played the major short term role in control of
cytosolic [Ca2] in adrenal chroma⁄n cells.
High levels of mitochondrial Ca2 uptake have
also been seen in jurkat T lymphocytes [41], rat hip-
pocampal neurons [70], and rat glomerulosa cells
[59]. In the latter case, this Ca2 accumulation was
also seen to increase NAD(P)H levels [59].
There have been only two hypotheses to explain
how the mitochondria could sequester such high lev-
els of Ca2 as those observed in the reports described
above. One of these hypotheses is uptake of Ca2 via
the RaM, described earlier [65,66]. The second hy-
pothesis is that in some cases mitochondria are found
near the intracellular Ca2 stores [45,61] or Ca2
channels within the cell cytosol. It was suggested
that in these cases the local cytosolic [Ca2] is high
enough to lead to signi¢cant Ca2 uptake via the
uniporter [45,61]. Both uptake via the RaM and up-
take via the uniporter in special cases where the mi-
tochondria are located in regions of the cytosol ex-
posed to very high [Ca2] during pulses could
operate simultaneously to cause greater Ca2 uptake
in the mitochondria of cells.
5. What is the physiological role of the RaM and how
might it di¡er from that of the uniporter?
Increasing the concentration of ADP and inor-
ganic phosphate (Pi) within a suspension of isolated
mitochondria has been known for years to increase
the phosphorylation rate dramatically. Feedback of
ADP and Pi, as they were produced by kinases with-
in the cell, to the mitochondria was hypothesized to
be the means by which cellular phosphorylation rate
was controlled [12]. However, modern experimental
techniques such as measurement of [ADP], [ATP],
and [Pi] in cells and tissue using 31P NMR have
shown that [ADP], [ATP], and [Pi] do not change
as the phosphorylation rate is changed several-fold
[5,32]. Intramitochondrial [Ca2] activates a number
of steps of oxidative phosphorylation, and a strong
case can be made that intramitochondrial [Ca2]
functions as the metabolic regulator [5,20,32,38].
This hypothesis has been further supported by new
evidence in recent years [27,37,47,49,50,61,72]. Under
physiological conditions, the only exposure of mito-
chondria within the cell cytosol to [Ca2] higher than
around 100 nM occurs during the Ca2 transients or
pulses that are seen in the cytosol of many types of
cell as a second messenger function of Ca2. It has
also been suggested that mitochondria may function
under some conditions to modulate and even to am-
plify cytosolic Ca2 pulses [43]. If Ca2 is sequestered
by mitochondria to serve the role of metabolic reg-
ulator, or to modulate cytosolic Ca2 pulses or
waves, then it must be sequestered from Ca2 pulses.
The RaM and the uniporter represent the only
known mechanisms that can mediate this uptake
and of these mechanisms the RaM is more e¡ective
in sequestering Ca2 from cytosolic pulses.
Because increased intramitochondrial [Ca2] is es-
sential for activating the mitochondrial permeability
transition (MPT), using Ca2 to signal mitochondria
is a potentially dangerous process. The characteristics
of the RaM may make uptake via the RaM both more
e⁄cient and safer than uptake via the uniporter. First,
the RaM is more e⁄cient at sequestering Ca2 from
physiological exposure (i.e. Ca2 transients or pulses)
than is the uniporter so the time of exposure of the
cytosol to higher [Ca2] can be shorter. Second, be-
cause of the ‘additive’ properties of the Ca2 seques-
tered via the RaM, it isn’t necessary that all the Ca2
be taken up from a single pulse or that the pulses have
dangerously high [Ca2]. Additional Ca2 is seques-
tered with each pulse. The pulses don’t have to have
high enough [Ca2] to activate Ca2-sensitive pro-
teases within the cytosol. The amount of uptake de-
pends more on the number of pulses in the sequence
than on [Ca2], permitting the system to function in a
kind of ‘frequency modulated’ mode [66].
Finally, intramitochondrial free Ca2 ([Ca2]m) is
an intermediary between all steps requiring bound
Ca2 including the Ca2-sensitive steps of the meta-
bolic pathways. One way in which a greater range of
control through Ca2 signaling can be obtained is
through use of both rapidly and slowly responding
ligands which bind and respond to [Ca2]. For exam-
ple, the response to metabolic signaling could be
rapid while the response leading to the opening of
the permeability transition (PTP) could be slow. The
general binding of Ca2 to the inside of the mito-
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chondrial inner membrane is a slow process since
Ca2 competes with other ions particularly with
H for this binding [34,35,53]. Typically two H
ions must vacate a site to which Ca2 will bind.
Remember that during Ca2 uptake via the RaM
the conductivity and rate of Ca2 uptake is about
two orders of magnitude higher than for uptake
under the same conditions via the uniporter. This
means that Ca2 sequestered rapidly, via the RaM,
would be expected to create a higher [Ca2]m for a
brief period immediately following uptake within at
least a portion of the mitochondrial matrix during
the period of slow membrane binding than would
the same amount of Ca2, taken up more slowly
by the uniporter (where binding can keep pace with
uptake). Consequently, due to this brief period of
higher [Ca2]m, Ca2 uptake via the RaM may be
more e¡ective in activating Ca2-sensitive processes
in the matrix than uptake via the uniporter. It has
been observed, for example, that mitochondria re-
spond to rapid changes in cytosolic [Ca2] such as
rapid pulses by increasing their level of NADH much
more e¡ectively than they respond to slower changes
in cytosolic [Ca2] [37]. Perhaps the role of the RaM
is associated more closely with metabolic signaling,
while that of the uniporter is associated both with
metabolic signaling and with induction of the perme-
ability transition or with apoptotic signaling.
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